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evaluation of seismic behavior 45 
 46 
Abstract 47 
Unreinforced masonry (URM) buildings exhibited extreme vulnerability during past earthquakes 48 
though these are shelters of majority population in many earthquake prone developing countries. 49 
Most of the current retrofitting techniques used for such structures are either expensive or requires 50 
highly skilled labor or sophisticated equipment for implementation. On the other hand, the 51 
retrofitting technique proposed in this paper is economical and easy-to-apply. This paper aims at 52 
examining the performance of the retrofitting technique using polypropylene (PP) band. The 53 
displacement controlled lateral deformation has been investigated experimentally. The monotonic 54 
load-displacement behaviors of URM wall and the wall retrofitted with PP band are compared. It 55 
was found that URM wall retrofitted by PP band improves the ductility and energy absorption 56 
capacity by three times, and two times, respectively. Performance of a full-scale masonry building 57 
retrofitted with PP band in Nepal during last Gorkha earthquake of April 25, 2015, has also been 58 
presented in this paper. It was observed that the PP band retrofitted masonry building survived 59 
while the nearby many buildings experienced severe damage and some of them collapsed.  This 60 
study demonstrates the efficacy and practicability of use of PP band for improving seismic 61 
resistance of URM structure. 62 
 63 
Keywords:  Unreinforced masonry; Retrofitting technique; PP band; Gorkha earthquake; Load-64 
displacement behavior. 65 
 66 
  
Introduction 67 
Unreinforced masonry (URM) building suffered severe damage and collapse during past 68 
earthquakes (Murty 2002; Tang et al. 2006; Murty et al. 2006; Dutta et al. 2015; Dutta et al. 2016)   69 
as compared to steel and reinforced concrete buildings. Starting from hair line crack to total 70 
collapse is the extent of failure of these URM buildings existed in seismic active zones across the 71 
globe (Bhattacharya et al. 2014). Low construction cost without requiring much technicality and 72 
pleasant aesthetics have compelled the lower economic bracket people to choose the URM 73 
buildings as their most preferred habitats. The brittle failure of these buildings against lateral 74 
loadings (such as earthquakes) leads to a wide range of human casualties and great extent of 75 
economic loss. Further, many structures of historical importance which are made of URM 76 
constructions also need to be preserved against earthquakes or wind loads. Thus, the technical 77 
community are compelled to think over this serious issue, which in turn will not only be a solution 78 
for the safe habitat for common people, but also help in preserving historical buildings and other 79 
important structures. 80 
Various retrofitting techniques (Bhattacharya et al. 2014) are used to improve the seismic 81 
performance of unreinforced masonry. However, composite materials like fiber reinforced 82 
polymers (FRP) are often preferred due to its high strength-to-weight ratio and corrosion 83 
resistance. On the other hand, higher cost involvement, unique technical expertise required, and 84 
non-availability of the composite materials lead to the development of easily available low-cost 85 
strengthening and retrofitting techniques those do not require much technical rigor. Strengthening 86 
and retrofitting of URM wall by poly propylene (PP) band (commonly known as cartoon 87 
packaging band) was experimentally investigated in earlier studies (Mayorca and Meguro 2003; 88 
Mayorca and Meguro 2004; Meguro et al. 2005; Sathiparan et al. 2005; Mayorca et al. 2006; 89 
  
Sathiparan et al. 2006; Sathiparan and Meguro 2011; Macabuag et al. 2012; Sathiparan et al. 2012; 90 
Meguro et al. 2012; Dar et al. 2014; Sathiparan and Meguro 2015; Nayak and Dutta 2016 a, b; 91 
Saleem et al. 2016). These studies reported that the post-cracking performance of the structure 92 
retrofitted with PP band improved significantly. It was also revealed that the use of PP band in 93 
retrofitting also prevent spalling of masonry resulting from tension and/or shear cracks and thus, 94 
maintains the structural integrity of wall even at larger deformations. Use of PP band for 95 
retrofitting and strengthening of various structures has a promising potential due to its high tensile 96 
strength, waterproofing property, high deformability, low-cost, easy availability, easy 97 
applicability, and ability to resist ultra violet rays when coated with mortar (Sathiparan and Meguro 98 
2013; Sathiparan et al. 2013).  99 
Literature review on low-cost strengthening of URM structure found that a good number 100 
of researches were carried out using PP band (Mayorca and Meguro 2003; Mayorca and Meguro 101 
2004; Meguro et al. 2005; Sathiparan et al. 2005; Mayorca et al. 2006; Sathiparan et al. 2006; 102 
Sathiparan and Meguro 2011; Macabuag et al. 2012; Sathiparan et al. 2012; Meguro et al. 2012; 103 
Dar et al. 2014; Sathiparan and Meguro 2015; Nayak and Dutta 2016 a, b; Saleem et al. 2016). 104 
Most of these researches concentrated on improving the seismic resistance of URM structures by 105 
increasing the strength. However, study on monotonic load-displacement behavior of URM as well 106 
as PP band retrofitted masonry is nearly nonexistent. On the other hand, previous researches were 107 
carried out with model testing of structures. For experimental study of masonry structures under 108 
earthquake shaking with scaled down model is carried out by using shake table. The shake table 109 
exhibits previously collected earthquake history. The response shown under a particular ground 110 
motion may be considerably influenced by peak ground acceleration (PGA), frequency content of 111 
the motion and natural period of the structure. Thus, only reliable conclusion can be obtained by 112 
  
studying the response under 30-40 typical ground motions and the statistical analysis of the 113 
response parameters obtained from all the ground motions. This will not only require considerable 114 
time but also it is not economically viable. On the other hand, statically obtained load-displacement 115 
curve for unreinforced masonry and PP band reinforced masonry loaded with same strain rate helps 116 
to understand the difference in behavior in terms of strength, ductility and energy absorption 117 
capacity in two cases. Thus, a comparative picture of material properties and structural 118 
performances in both the cases is obtained through such experiments. 119 
 As well, the performance of PP band retrofitted full-scale masonry house subjected to 120 
earthquake loading is rarely available in the literature. Hence, the current research was designed 121 
and undertaken to determine the seismic performance of URM wall and URM building retrofitted 122 
with PP band. The study presented in this paper has two components.  The first component of the 123 
study addressed monotonic load-displacement behavior of URM wall specimens with and without 124 
being retrofitted with PP band. This was accomplished through full-scale tests on URM wall 125 
specimens. The tests were conducted in the structural engineering laboratory of the University of 126 
Windsor, Canada. The second facet of the study presents the performance of PP band retrofitted 127 
full-scale masonry house which suffered recent Gorkha (Nepal) earthquake in April 25, 2015. This 128 
paper presents outcomes of both components and evaluates the performance of URM masonry 129 
structure retrofitted using PP band. In fact, monotonic load-displacement curve reflects the 130 
behavior of masonry in terms of load-displacement interaction. Further, the demonstration on full-131 
scale masonry house depicted in this paper is crucial for giving confidence of the local people. 132 
Present study is a very humble effort in this direction. In fact, such a study is particularly relevant 133 
in the context of presently available literature (Nayak and Dutta 2016 a, b). However, the past two 134 
studies (Nayak and Dutta 2016 a, b) were focused on improvement of dynamic behavior of 135 
  
masonry structures, while the present study provides   monotonic load-displacement relationship 136 
and provides an understanding of fundamental of mechanics and material behavior.   137 
 138 
Experimental Method and Results 139 
 140 
This study was completed using full-scale tests on two masonry wall specimens. The test setup 141 
and test specimen are shown in Fig. 1. Two specimens were built and tested under monotonically 142 
increasing displacement controlled load until failure occurred. The objective was to determine the 143 
effectiveness of retrofit technique of URM wall using PP band. Hence, specimen 1 was 144 
unreinforced masonry (URM) wall or control specimen and the specimen 2 was retrofitted using 145 
external PP band. The PP band used in this study is 12.7 mm wide and 0.67 mm thick and the 146 
breaking strength is 1.23 kN. The boundary condition for both wall specimens were fixed at the 147 
base and free at the top.  Each wall was 2000 mm (10 courses) high, 1600 mm (four block lengths) 148 
long, and 200 mm (one block width) thick. Both wall specimens were cured in room condition. 149 
Hollow concrete blocks used in these wall specimens have compressive strength of 18.6 MPa and 150 
Type S mortar (CSA S304, 2014) of thickness 10 mm was used in these wall specimens has 151 
compressive strength of 17.6 MPa.  152 
The load-displacement behavior for both wall specimens are shown in Fig. 2. Such load- 153 
displacement behaviors for masonry is extremely rare in the literature, though these curves are 154 
important for understanding the structural behavior, failure mechanism, and ductility in seismic 155 
action. In Fig. 2, the curve indicated by A, B, C, D, E, and F and solid line is for the specimen 1 156 
(URM wall specimen) whereas, the curve shown by A’, B’, C’, D’, E’, and F’ with broken line is 157 
for specimen 2 (retrofitted specimen). The load data were collected using the load cell connected 158 
to the loading jack. The displacement data were collected using four linear variable displacement 159 
  
transducers (LVDT) located at four different heights (shown as LVDT 1 through LVDT 4 in Fig. 160 
1). LVDT 1 and LVDT 4 were located at 300 mm and 1500 mm above the top of the foundation, 161 
respectively. The displacement reported in Fig. 2 was acquired through LVDT 4 which was located 162 
at 1500 mm above the top of the foundation. Digital image correlation (DIC) technique was used 163 
to monitor crack initiation, crack growth, and strain distributions.  164 
 165 
Specimen 1   166 
The DIC data showed that there were no strain concentrations in X direction (exx) and in Y 167 
direction (eyy) anywhere in the wall specimen at load of 3.5 kN and displacement of 0.3 mm (Fig. 168 
2) and hence, DIC did not detect any cracks in the wall specimen at this stage.  However, fine 169 
horizontal crack was captured by the DIC at a load of 3.7 kN and displacement of 0.4 mm (at Point 170 
A in Fig. 2). It is worth noting that this crack was not noticeable by visual inspection. At this stage, 171 
the strain value in that area was found out to be in the range of 0.2% and 0.25%.  172 
With further loading, crack opened up very fast and the wall specimen reduced its stiffness 173 
(line AB in Fig. 2) and this resulted in increase in the displacement at a faster rate. The DIC data 174 
found that the maximum crack width at points A and B are 0.152 mm and 1.4 mm, respectively. 175 
The displacement values at these two points measured by LVDT 4 are 0.4 mm and 1.15 mm, 176 
respectively. Nonetheless, the load carrying capacity increased from 3.70 kN at point A to 5.75 177 
kN at point B. 178 
The loading continued and the load carrying capacity suddenly dropped by 0.97 kN (point 179 
C in Fig. 2) while the displacement increased to 1.77 mm. This happened because of the formation 180 
of the vertical cracks near the toe of the wall (Fig. 3). At this stage, wall specimen was not able to 181 
maintain the load capacity. This is because at point C, the wall began to over-turn about the toe 182 
  
and hence, the load carrying capacity slowly reduced until point D. Soon after (point E) the toe of 183 
the wall crushed and the specimen looked unstable. Hence, the wall specimen was unloaded and 184 
the test was discontinued.  185 
DIC data for the bottom part of the wall specimen is presented and discussed in this paper. 186 
As shown in Fig. 2, load continued to drop as crack width increased further. At the end of the test 187 
and as shown in Fig. 4, the displacement at the height of LVDT 2 was about 1.6 mm. At this stage, 188 
the width of the crack was about 8.5 mm. 189 
This wall specimen, after unloading, separated into two parts, above and below the 190 
horizontal crack line and the top part fell on the strong floor of the structural testing lab. Thus, the 191 
wall specimen lost its structural integrity (Fig. 5a).  192 
 193 
Specimen 2  194 
 195 
The load- displacement behavior of specimen 2 is also shown in Fig. 2. Unlike specimen 1, this 196 
specimen did not have any change in the stiffness between points A’ and B’ (see line A’-B’). The 197 
DIC data showed no sign of strain concentrations. Hence, it is concluded that the PP band retrofit 198 
delayed the initiation of the horizontal crack. The DIC data revealed that the first crack occurred 199 
at Point B’ and at the load of 5.9 kN and displacement of 0.64 mm. The crack continued to grow 200 
in length and width and this has resulted in small drop of 0.4 kN (see point C’). However, this drop 201 
(0.4 kN) is significantly less than the drop that the specimen 1 experienced (0.97 kN). Hence, it is 202 
obvious that the PP band started sharing the load at this stage.  203 
With further loading beyond point C’, the load capacity began to increase until point D’ 204 
when the load capacity reached 7.0 kN and the displacement was recorded at 12.6 mm. Both the 205 
maximum load and the maximum displacement values are much higher than the specimen 1 206 
  
showing that the PP band not only increased the ductility of the wall, but also resulted in increase 207 
in the load carrying capacity. Comparing the load-displacement behaviors of specimens 1 and 2, 208 
it is found that the load and displacement capacities of the retrofitted specimen (specimen 2) 209 
increased by 22% and 125%, respectively.  210 
As the loading continued beyond point D’, the toe of the wall crushed as well and the load 211 
capacity dropped to 6.4 kN when the displacement reached 12.9 mm. At this stage, the test was 212 
discontinued and the specimen was unloaded. Unlike specimen 1, this wall specimen maintained 213 
the structural integrity after complete unloading (see Fig. 5b). Further, the horizontal crack in 214 
specimen 2 occurred in the first course and just above the foundation. However, the crack occurred 215 
in specimen 2 in between 3rd and 4th courses.  216 
 217 
Seismic Performance  218 
 219 
Load-displacement behavior of both wall specimens are shown and compared in Fig. 2. The figure 220 
shows that the unreinforced masonry wall (specimen 1) exhibited a maximum load of about 5.75 221 
kN and a maximum displacement of 5.74 mm and the specimen separated in two parts along the 222 
bed joint between the 3rd and 4th courses. However, the retrofitted wall specimen (specimen 2) 223 
exhibited maximum load carrying capacity of 7 kN and the test was discontinued when the 224 
displacement reached 12.9 mm. Thus, the test data shows that the ductility capacities for the URM 225 
and retrofitted wall specimens are about 2.4 and 7, respectively. Ductility capacity is calculated by 226 
taking the ratio of maximum displacement and displacement where yielding like behavior (point 227 
B for specimen 1 and point B’ for specimen 2) took place. Hence, the increase in ductility capacity 228 
in the retrofitted wall specimen was almost three times if compared to the URM wall specimen. 229 
Fig. 2 also shows that the energy absorption capacity is also increased due to the retrofit by PP 230 
band. The energy absorption capacity of the retrofitted wall specimen (specimen 2) is more than 231 
  
two times than that of the unreinforced wall specimen (specimen 1). This has occurred due to the 232 
formation of the vertical cracks near the toe of the wall (Fig. 5b). At this stage (point C’), the wall 233 
began to over-turn about the toe and hence, the PP band experienced tension. This has resulted in 234 
moderate increase in load carrying capacity and substantial increase in the ductility of specimen 2 235 
(point D’). 236 
The energy absorption capacity is the area bound by the load-displacement curve. In fact, 237 
unreinforced masonry is made of brick/masonry block layers and mortar layers placed alternately 238 
one after another. Both of these layers with their brittle nature make any unreinforced masonry 239 
wall to behave as brittle element. PP band have sufficient tension carrying capacity. Tightly 240 
vertically tied PP bands increase the internal friction. Further, it also resists the tension at one side 241 
of the wall caused from the tendency of in-plane overturning. Horizontally tied PP bands tend to 242 
prevent the slipping between any two horizontal layers. Thus, the ultimate displacement increases 243 
and more energy is needed to be absorbed before failure. In fact, such a cage made of PP bands 244 
provides a confinement effect for increasing overall load displacement behavior as observed here. 245 
Hence, it can be inferred that severe earthquake may be survived by using masonry with PP band 246 
retrofit through absorption of more energy in the post-cracking (inelastic) range. Even if complete 247 
survival may not be possible, at least the large energy absorbing capacity may delay the collapse 248 
time allowing the users to safely evacuate.  249 
Further, a closer look at the load-displacement curves (Fig. 2) clearly shows that during 250 
post-cracking (inelastic) displacement the unreinforced wall (specimen 1) exhibited gradual 251 
reduction in its strength, while the PP band retrofitted wall specimen (specimen 2) maintained a 252 
positive gradient. In fact, the gradual strength deterioration exhibited by unreinforced wall 253 
(specimen1) may be due to continuous damage and crack propagation. Finally, this wall specimen 254 
  
could not maintain its structural configuration and separated into two parts. On the other hand, PP 255 
band provided a better overall confining effect to the entire wall specimen (specimen 2) since this 256 
specimen maintained its structural integrity even after completion of the test.  257 
 258 
Performance of PP Band Reinforced Full Scale House during Gorkha (Nepal) Earthquake 259 
of April 25, 2015 260 
The increased ductility and energy absorbing capacity is demonstrated on-site by a full scale 261 
building constructed using PP band.   Fig. 6 shows the PP band retrofitted building constructed 262 
near a traditional nonretrofitted building at Nepal. Fig. 7 illustrates the different stages of 263 
reinforcing masonry house with PP band to provide a pictorial description of application of the 264 
same.  265 
Damage of the reinforced (using PP band) masonry house during Gorkha (Nepal) earthquake 266 
of April 25, 2015, of magnitude 7.8, is presented in Fig. 8. Mortar cover of the PP band spalled 267 
out but no major damage occurred, while many neighbouring URM buildings collapsed. In fact, 268 
the other building shown in the figure is also damaged. Hence, two inclined bracing members are 269 
installed to prevent it from collapsing (Fig. 6a). This clearly indicates the effectiveness of PP band 270 
even in real life application through exhibition of better performance during earthquake. 271 
Another common nature of failure of masonry building consists of separation of corner 272 
junctions leading to out-of-plane collapse of the wall in the orthogonal direction of shaking. This 273 
on-site case study showed that the initiation of such a failure can be avoided by peripheral PP 274 
bands (Fig. 9). The figure shows that the joint separation started but the out-of-plane collapse did 275 
not occur because of binding effect of peripheral PP band having high tensile strength. 276 
 277 
  
Summary and Conclusions 278 
Previous studies (Mayorca and Meguro 2003; Mayorca and Meguro 2004; Meguro et al. 2005; 279 
Sathiparan et al. 2005; Mayorca et al. 2006; Sathiparan et al. 2006; Sathiparan and Meguro 2011; 280 
Macabuag et al. 2012; Sathiparan et al. 2012; Meguro et al. 2012; Dar et al. 2014; Sathiparan and 281 
Meguro 2015; Nayak and Dutta 2016 a, b; Saleem et al. 2016) have shown that masonry structure 282 
when reinforced with PP band has exhibited greater resistance to earthquake. However, 283 
quantification of the improvement of the material behavior through experiments is hardly 284 
documented in the literature. Example of on-site (field) application and evidence of better 285 
performance on-site during real life application are extremely terse. The present study made an 286 
effort to throw light on above two aspects.  287 
First component of this study compares the load-displacement behaviors of unreinforced 288 
masonry and PP band retrofitted masonry walls. The test data were obtained through displacement 289 
controlled lateral loading as depicted in the paper. The comparison of load-displacement behaviors 290 
revealed that retrofitting of URM wall using PP band enhances the ductility capacity and energy 291 
absorption capacity to almost 3 and 2 times, respectively, in comparison to unreinforced masonry 292 
wall. This is due to increase in maximum load carrying capacity of retrofitting of URM wall using 293 
PP band by 22%. After the initiation of vertical crack, in order to prevent the specimen from over-294 
turning about its toe, PP band experienced tension which result in more ductile behaviour. The 295 
ductility of URM wall wrapped with PP bands is increased by 125%. This improvement is 296 
considerable which enables the structure to avoid collapse at least in moderate earthquake ground 297 
shaking and may possibly reduce the damage in severe earthquakes.  298 
The other valuable part of the paper is the observed performance of PP band retrofitted building 299 
during real earthquake. The study presents an on-site (field) demonstration on the performance of 300 
  
a masonry building retrofitted with PP band. It shows that a PP band reinforced masonry house 301 
survived during last Gorkha (Nepal) earthquake of April 25, 2015, of magnitude 7.8, while many 302 
neighboring URM houses collapsed. This endorses the on-site performance of this low-cost and 303 
easy-to-apply retrofit technique during a real earthquake and adds confidence to adopt this 304 
technique in the real construction. This endeavor as a whole can be a starting point for this retrofit 305 
technique scientifically acceptable and practically applicable. 306 
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Figure Captions 405 
 406 
Fig. 1. Test set-up 407 
 408 
Fig. 2. Load-displacement behavior 409 
 410 
Fig. 3. Vertical crack initiation on the wall specimen 1  411 
 412 
Fig. 4. Crack opening on the wall specimen 1 at point D 413 
 414 
Fig. 5. After test condition of the wall specimens  415 
 416 
Fig. 6. (a) PP band retrofitted building along with other buildings and (b) enlarge view of PP band 417 
retrofitted building 418 
 419 
Fig. 7. Different stages of reinforcing masonry building with PP band 420 
 421 
Fig. 8. Damage condition of various parts of the masonry building reinforced with PP band 422 
 423 
Fig. 9. Failure of the corner junction: (a) initiation of crack at corner junction; (b) collapse avoided 424 
due to presence of PP band 425 
 426 
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 429 
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